Purpose: To examine the protective effects of antioxidants in cultured trabecular meshwork (TM) cells exposed to oxidative stress.
Introduction
Several lines of evidence suggest that a reduction in the antioxidant properties of the trabecular meshwork (TM) region of the eye correlates to the progression of primary open angle glaucoma (POAG). Exposure to oxidative stress induces the glucocorticoid-response protein myocilin 1 and long-term induction of myocilin is associated with steroid induced glaucoma. Short-term treatment of cultured TM cells with sublethal doses of hydrogen peroxide (H 2 O 2 ) (1 mM) reduces TM cell adhesion to the growth matrix, and repeated exposure might potentially lead to cell loss, compromised tissue integrity, and subsequent impaired outflow. 2 It has also been shown that the circulating plasma levels of the powerful antioxidant reduced glutathione (rGSH) were consistently lower in patients with POAG as compared to age-matched controls. 3 Long-term exposure of TM cultures to low doses of (0.2 mM) H 2 O 2 induced expression of inflammatory markers associated with TM from http://tvstjournal.org/doi/full/10.1167/tvst.1.1. 4 TVST j May 2012 j Vol. 1 j No. 1 j Article 4 glaucoma donors. 4 Superoxide dismutase, a glutathione (GSH)-utilizing enzyme required for neutralizing superoxide radicals, shows an age-dependent decline in the TM. 5 Finally, three studies found statistically higher levels of oxidative DNA damage to both nuclear and mitochondrial DNA in TM tissue taken from glaucoma versus healthy human eyes. [6] [7] [8] Prior studies on human TM specimens have shown that glaucomatous tissue shows significantly fewer TM cells than age-matched tissue from normal eyes. 9 Taken together, cumulative oxidative damage to TM cells by chronic exposure to H 2 O 2 leading to cell death may be one component of the age-dependent increase in incidence of POAG.
In previous work, multi-photon microscopy was used to analyze the real-time reduced nicotinamide adenine dinucleotide phosphate (NADPH) levels in human cultured TM cells exposed to different concentrations of H 2 O 2 . Findings show that concentrations of H 2 O 2 of 20 mM and above cause a significant dose-and time-dependent decrease in NADPH fluorescence over a 30-minute exposure. 10 NADPH is a cofactor necessary for regenerating levels of rGSH, which is itself a cofactor for the glutathione peroxidases that catalyze H 2 O 2 neutralization. Finally, other studies show that the phenolic compound resveratrol reduces reactive oxygen species (ROS) and inhibits expression of inflammatory markers in TM cells exposed to H 2 O 2 . 11 In the present study an investigation was undertaken to determine the ability of several antioxidants to prevent metabolic damage and cell death in cultured human TM cells in response to H 2 O 2 insult.
Material and Methods

Assay and Cell Culture Reagents
Dulbecco's modified Eagle medium (DMEM), calcium and magnesium-free Dulbecco's phosphate buffered saline (DPBS), qualified fetal bovine serum (FBS), penicillin-streptomycin (1003 solution), and recombinant human basic fibroblast growth factor (bFGF) were purchased from Invitrogen/Life Technologies (Grand Island, NY). The metabolic activity indicator 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Sigma Aldrich Corporation (St. Louis, MO). The ROS indicator 5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) and the Live/Dead Viability/Cytotoxicity Kit for Mammalian Cells were purchased from Invitrogen/Life Technologies.
The antioxidants sodium ascorbate, rGSH, uric acid, q-coumaric acid, and resveratrol as well as H 2 O 2 (30% solution) were purchased from Sigma Aldrich Corporation. 1003 stock solutions of ascorbate (100 mM), rGSH (100 mM), urate (20 mM) and qcoumarate (100 mM), a phenolic compound found in cinnamon, were prepared in DMEM and, when necessary, the pH of the solutions were adjusted to 7.4 by addition of sodium hydroxide. A 5003 stock solution of resveratrol (25 mM) was prepared in ethanol. Aliquots of the antioxidant stock solutions were stored at À808C and used immediately after thawing.
Primary Cell Culture
Trabecular meshwork cells were isolated from porcine eyes (Visiontech Inc., Mesquite, TX) within 24 hours after death. After the cornea was removed with a razor blade the ciliary body, iris, and lens were removed using forceps. Under a stereo microscope, tissue strips containing the TM region were carefully dissected free with forceps. Individual TM cells were isolated by digesting the tissue strips in serum-free DMEM containing 5 mg/mL collagenase type IV (Worthington Biochemical Corporation, Lakewood, NJ) at 378C for 20 to 30 minutes. TM cells were pelleted by centrifugation at 250 3 g for 5 minutes and plated onto gelatin-coated dishes in DMEM containing 10% FBS, 10 ng/mL bFGF, penicillin, and streptomycin. Third passage porcine TM cells (approximately 3 3 10 4 ) were plated into each well of a gelatin coated 96-well plate. Fluorescent assays were plated in black opaque plates (Cellstar; Greiner Bio-One North America Inc., Monroe, NC), while absorbance-based assays were plated in clear plates (Greiner Bio-One North America Inc.).
Hydrogen Peroxide Treatment of TM Cells
Trabecular meshwork cells were assayed upon reaching confluence, usually 2 to 3 days post-plating. Antioxidant solutions were diluted in fresh culture media at the following final concentrations: 50 lM resveratrol, 1 mM ascorbate, 1 mM rGSH, 1 mM qcoumarate, or 0.2 mM urate. TM cells were incubated with 100 lL of antioxidant solutions at 378C and 5% carbon dioxide (CO 2 ) for 24 hours. After pretreatment, the antioxidant solutions were aspirated and replaced with fresh antioxidant solutions including a range of H 2 O 2 (0-4 mM) and returned to the 378C/ 5% CO 2 incubator. After 24 hours, TM cells were assayed for cell viability and ROS. In one set of experiments, TM cells were pretreated with antioxidant solutions for 24 hours followed by a 24-hour exposure to a range of H 2 O 2 (0-4 mM) in the absence of antioxidants.
TM Cell Viability/Metabolic Assays
Following exposure to H 2 O 2 , the mitochondrial activity of the TM cells was determined by MTT assay. After aspiration of media, TM cells were washed twice in DPBS to remove excess H 2 O 2 that could interfere with the biological reduction of MTT. TM cells were then incubated in 100 lL of 0.5 mg/mL MTT dissolved in culture media for 1 hour at 378C. The MTT media was aspirated and the purple formazan reaction product was solubilized by addition of 100 lL dimethyl sulfoxide. The absorbance of each sample was read at 540 nm in a Synergy 4 Multi-Mode Microplate Reader using the Gen5 Reader Control and Data Analysis Software (BioTek, Winooski, VT). Data were normalized to the MTT absorbance of control TM cells (100% live) and reported as the mean 6 SD of n ¼ 6 experiments.
TM Cell Live-Cell Assays
Following exposure to H 2 O 2 , the membrane integrity of TM cells was assayed by uptake and retention of the fluorescent calcium-binding dye calcein-AM. After aspiration of media, TM cells were washed twice in DPBS to remove excess H 2 O 2 . TM cells were then incubated in 100 lL of 2 lM calcein-AM prepared in DPBS for 20 minutes at room temperature. Calcein fluorescence (F 528 ) was quantified using band-pass filters (excitation ¼ 485 6 20 nm, emission ¼ 528 6 20 nm) in a Synergy 4 Multi-Mode Microplate Reader using the Gen5 Reader Control and Data Analysis Software (BioTek). Fluorescent data were analyzed as outlined in the manufacturer's instructions. Briefly, all F 528 fluorescence was corrected by first subtracting the F 528 fluorescence from cells not treated with calcein, and then normalized to the corrected F 528 fluorescence from control cells (100% live). Data for each treatment are reported as the mean 6 SD of n ¼ 3 experiments.
Assay of Reactive Oxygen Species in TM Cells
The ROS that accumulate in TM cells following exposure to H 2 O 2 was assayed by conversion of the nonfluorescent H 2 DCFDA into a fluorescent oxidized form. TM cells were washed twice in DPBS to remove excess H 2 O 2 and then incubated in 10 lM H 2 DCFDA in culture media for 30 minutes at 378C and 5% CO 2 . TM cells were washed once in DPBS, and fluorescence was determined in a Synergy 4 Multi-Mode Microplate Reader using the Gen5 Reader Control and Data Analysis Software (BioTek) in single wavelength mode (493 nm excitation, 521 nm emission). Fluorescent data were first corrected by subtracting fluorescence from cells without H 2 DCFDA, and then reported as a percent of ROS fluorescence of control TM cells (0 mM H 2 O 2 ). Data represent the mean 6 SD of n ¼ 3 experiments.
Statistical Analysis
Mean values for each concentration were analyzed by the Student's t-test (Excel; Microsoft, Redmond, WA); the level of significance was set at 0.05.
Results
Antioxidants Protect TM Cell Metabolism Against H 2 O 2 -Induced Injury
Cultured porcine TM cells were incubated with growth media containing H 2 O 2 for 24 hours and mitochondrial enzymes activity was determined via MTT assays. No significant metabolic effect was seen with a 24-hour exposure to 0.5 mM H 2 O 2 (106.2% of control) ( Table 1) . A significant reduction in TM cell mitochondrial function was determined to occur after exposure to concentrations of 1 mM H 2 O 2 (72.3% of control) and above. Mitochondrial function was further reduced to near zero levels at both 2 mM H 2 O 2 (2.5% of control) and 4 mM H 2 O 2 (1.7%) exposures.
TM cells treated with 0.2 mM urate for 24 hours followed by H 2 O 2 exposure in the continued presence of fresh urate (''pretreatþcotreat'') showed no differences in mitochondrial function compared to control cells not treated with urate (Table 1) . Under pretreatþcotreat conditions, 1 mM q-coumarate improved mitochondrial function in TM cells exposed to 1 mM H 2 (Table 1) .
Since many of the antioxidants were used at concentrations (0.2-1 mM) similar to the concentration of H 2 O 2 (0.5-4 mM), it is hypothetically possible that these molecules neutralized the H 2 O 2 in the growth media via a simple oxidation-reduction reaction. In order to test whether the protection shown in Table 1 was due to a biological change within the TM cells, cells were pretreated with antioxidants for 24 hours followed by H 2 O 2 exposure for 24 hours without inclusion of antioxidants (''pretreat-only'').
As with pretreat-cotreat conditions, a significant reduction in TM cell mitochondrial function occurred after exposure to concentrations of 1 mM H 2 O 2 (79.4% of control) and above ( Table 2) . Mitochondrial function was further reduced to near zero levels at both 2 mM H 2 O 2 (2.5% of control) and 4 mM H 2 O 2 (1.2%) exposures. Under pretreat-only conditions, both ascorbate (117.4%) and rGSH (122.0%) improved TM cell metabolism in cells not exposed to H 2 O 2 (100%).
Similar to the results from pretreatþcotreat conditions, urate had no protective effect against subsequent H 2 O 2 damage under pretreat-only conditions ( Table 2) . Overall, the data presented in Table 2 demonstrate that the metabolic protective effect of antioxidants under pretreat-only conditions is reduced compared to pretreatþcotreat conditions. 
Antioxidants Decrease H 2 O 2 -Induced TM Cell Death
Cultured porcine TM cells were incubated with growth media containing H 2 O 2 for 24 hours and cell membrane integrity and cell viability were assayed using calcein. No statistically significant decrease in viability was seen with 1 mM H 2 O 2 (94.9% of control) ( Table 3) . A significant reduction in TM cell viability was seen with 2 mM H 2 O 2 (43.0% of control) and 4 mM H 2 O 2 (6.7% of control) exposures.
Viability assays were performed in TM cells treated with the pretreatþcotreat conditions outlined above for the metabolic assays shown in Table 1 . While ascorbate increased metabolic activity in cells not exposed to H 2 O 2 (Table 1) , it showed no increase in TM cell viability as assayed by F 528 (102.8% vs. 100%). This supported the hypothesis that this was a mitochondrial and not a cell proliferation effect. However, it should be noted that resveratrol increased calcium fluorescence in TM cells not exposed to H 2 O 2 (111.1% vs. 100.0%).
While urate had no effect on H 2 O 2 -induced metabolic damage, under the same pretreatþcotreat conditions urate was shown to actually reduce TM cell viability. Under pretreatþcotreat conditions, rGSH increased TM cell viability in cells exposed to 2 mM H 2 O 2 (78.6% vs. 43.0%). While q-coumarate was metabolically protective only at 1 mM H 2 O 2 (Table 1) , q-coumarate was shown to increase TM cell viability with 2 mM H 2 O 2 (78.6% vs. 43.0%) exposure.
Ascorbate increased cell viability in TM cells exposed to 2 mM H 2 O 2 (68.3% vs. 43.0%), and 4 mM H 2 O 2 (21.4% vs. 6.7%). Again, resveratrol was determined to be the most powerful antioxidant tested in pretreatþcotreat conditions. Compared to H 2 O 2treated TM cells, resveratrol increased TM cell viability at 2 mM H 2 O 2 (103.0% vs. 43.0%) and 4 mM H 2 O 2 (79.1% vs. 6.7%) exposures (Table 3 ).
Co-Incubation of TM Cells With Antioxidants Decrease Intracellular Reactive Oxygen Species
In order to determine a possible mechanism of action for the protective effect of antioxidants to H 2 O 2 exposure, the intracellular reactive oxygen species (determined by DCFDA assay) in TM cells was determined. Cells were pretreated with antioxidants for 24 hours followed by 24-hour exposure to a sublethal concentration of H 2 O 2 (0.5 mM H 2 O 2 ) in the continued presence of antioxidants (pretreatþcotreat conditions). Higher levels of H 2 O 2 were not tested since the death of TM cells complicated the analysis of ROS levels. In TM cells exposed to 0 mM H 2 O 2 , resveratrol and ascorbate significantly reduced ROS to 66.9% and 83.4%, respectively, of the levels seen in control cells (100%). q-coumarate, on the other hand, significantly increased the levels of ROS to 123.0% of the levels seen in control cells (Table 4 ). In TM cells exposed to 0.5 mM H 2 O 2 , levels of ROS in resveratrol and ascorbate remained essentially unchanged (Table  4) , while the levels of ROS in TM cells not treated with antioxidants increased to 127.0%. Treatment of TM cells with any of the other antioxidants failed to prevent the rise of intracellular ROS upon exposure to 0.5 mM H 2 O 2 .
Discussion
The TM region of the eye is exposed to a constant low level of oxidative insult. The ability of TM cells to counter oxidative damage is critical to their survival since H 2 O 2 in the human aqueous humor (AH) may be as high as 25 lM. 12 H 2 O 2 is believed to be constantly generated through a light-dependent reaction with iris melanin. 13, 14 In the current study, previous H 2 O 2 studies 10 were expanded upon using a longer exposure time (24 hours vs. 30 minutes) and lower concentrations of H 2 O 2 (,4 mM vs. .20 mM) in order to mimic the chronic low-level oxidative stress that TM cells experience in vivo. The studies were performed in low-passage primary cultures of TM cells to eliminate the complication of analyzing data from TM cells with different metabolic capabil-ities, as is noted with older TM cultures. 15 Antioxidants were chosen to include both metabolic (intrinsic) agents as well as dietary agents. For the latter, coumaric acid was selected because of its ability to lessen UV damage in cornea, and resveratrol because of its anti-inflammatory effects in TM cells. For the former, ascorbate, urate, and GSH were chosen because these antioxidants had been detected in the AH.
For metabolic agents, biological molecules with intrinsic antioxidant or chemical-reducing abilities that had been detected in the AH of the eye were selected. The TM region of the eye contains high intracellular levels of rGSH, 16 a cofactor that supplies reducing equivalents to glutathione peroxidase (H 2 O 2 neutralizing enzymes). Submillimolar levels of rGSH have been reported in the AH, and these are reduced in patients with pseudoexfoliation syndrome. 17 Ascorbate (vitamin C) is a mitochondrial enzyme substrate that can act as an antioxidant either indirectly by generating reducing equivalents (NADPH) via the citric acid cycle or directly through the action of ascorbate peroxidases. Ascorbate levels in the AH range between 0.86 and 1.3 mM. 14, 18, 19 Like ascorbate, urate is a powerful antioxidant and reducing agent detectable in the AH in a range between 0.15-0.21 mM. 18 However, urate (but not ascorbate) is higher in the AH of patients with poor trabeculectomy outcomes, 18 and serum hyperuricemia is noted in patients with POAG. 20 Ascorbate (1 mM) and urate (0.2 mM) were used at their AH concentrations, while rGSH (1 mM), because of the question of permeability, was used at a higher concentration (1 mM) than its AH concentration (~0.15 mM).
For the selection of exogenous agents, antioxidant molecules were selected that had been shown to be beneficial to countering oxidative stress in ocular tissues. q-coumarate has been shown to lessen ultraviolet (UV) damage to the cornea when applied topically to rabbits. 21 Resveratrol, a phenolic compound from grapes, has been shown to reduce ROS and inhibit expression of inflammatory markers in TM cells exposed to H 2 O 2 . 11 Extensive dose-response curves were not performed for coumarate/resveratrol, but the concentrations used were verified to be nontoxic.
To determine the extent of H 2 O 2 damage on TM cells, both the calcein uptake to assay plasma membrane integrity (Table 3 ) and MTT (Tables 1 and 2) to assay mitochondrial function were used. Care was taken to wash cells thoroughly between H 2 O 2 exposure and subsequent assays. The results demonstrated rescue of H 2 O 2 -induced TM injury by resveratrol, ascorbate, and rGSH (in that rank order of effectiveness). All three compounds mitigated the H 2 O 2 -induced loss of mitochondrial activity as well as cell death. Ascorbate and resveratrol were also effective at reducing production of intracellular oxygen species, a metric for oxidative damage. The effectiveness of these compounds was greatest when administered during H 2 O 2 challenge. However, pretreating cultured TM cells with these antioxidants also was effective at preventing subsequent H 2 O 2induced changes, which suggested that these compounds had a lasting metabolic or intracellular effect. The protective effect of rGSH resulted from three possible mechanisms. Either the organic ion transporting polypeptides (organic anion-transporting polypeptide [OATP]) or the multi-drug resistanceassociated protein transporter have been hypothesized to import rGSH. 22 OATP subtypes are present in endothelial cells of the human TM and Schlemm canal where they transport prostaglandins from the AH. 23 Secondly, rGSH could act extracellularly either by directly neutralizing hydrogen H 2 O 2 or by reducing disulfide bonds in transmembrane proteins that had been oxidized. Alternatively, rGSH could have reduced another metabolite present in the media (e.g., lactate to pyruvate) that could itself have been easily transported in the TM cells.
Further investigation of these compounds is needed to determine their long-term effectiveness at reducing H 2 O 2 damage in TM cells and to better understand how these in vitro findings could translate to in vivo experiments. Possible studies would involve showing that application of antioxidants can help ameliorate disease progression in animal models of glaucoma and macular degeneration (and other eye diseases linked with oxidative stress). The use of antioxidants to treat eye diseases, as illustrated by qcoumarate's ability to lessen UV damage to the cornea when applied topically, 21 indicated a possible dosing mechanism that bypassed issues with absorption and bioavailability of oral dosing. Furthermore, coupling these agents with extended release vehicles for intraocular injection could result in a consistent antioxidant influence on local free radical formation leading to enhanced therapeutic outcomes.
